We investigated the effects of interleukin-3 (IL-3), IL-7, IL-1, and IL-6, of irradiated bone marrow-derived fibroblasts (Fb) and of in vitro matured peripheral blood macrophages (PA+), on the survival, proliferation, and maturation of purified blasts from nine common acute lymphoblastic leukemias (CALLS) in 7-day suspension culture. Exposure to IL-3, IL-7, IL-1, and IL-6 resulted in a mean 2.8-, 1.5-, 1.4-, and 1.6-fold stimulation of 3H-thymidine (3H-TdR) incorporation, respectively. Cocultures of cALL blasts with irradiated M+, either allowing direct cell-cell contact or preventing it by membrane filters, or with irradiated Fb, resulted in a mean 31.7-, 4.1-, and 11.2-fold increase of 3H-TdR incorporation, respectively. Southern blot analysis of immunoglobulin and T-cell receptor The mechanisms that regulate proliferation and maturation of B-lymphocyte precursors in humans are essentially unknown. Long-term proliferation and maturation of murine B-lymphocyte precursors in Whitlock-Witte cultures is dependent on a complex stromal layer: which can be replaced by certain stromal cell
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The supportive effects of these cell lines seem to be partly mediated by soluble factors,s,9 in particular interleukin-7 (IL-7)l0-l2 and IL-3.I3 However, neither IL-7 nor IL-3 is sufficient to promote proliferation of the earliest recognizable B-lymphocyte precursors, which require additional support by stromal cells."J4-19 A model for B-cell development based on the growth requirements of early pre-B cells in vitro and their dependence on stromal cells and IL-7 has recently been reported.lsJ9 In vivo, successive stages of early B-lymphocyte development have been analyzed,2O and a close association of B-cell precursors with stromal reticular cells in the bone marrowz1 and functional relevance of macrophages (M+) in pre-B-cell proliferation have been described.zz As the investigation of human B-lymphopoiesis is hampered by the lack of culture assays corresponding to the Whitlock-Witte culture, leukemic cell lines and cells from patients with acute lymphoblastic leukemia (ALL) have been studied as models of their normal counterparts. For example, common ALL (CALL), which corresponds to a pre-B stage of lymphoid development,'-25 is likely to involve derangements of self-renewal and maturation of B-lymphoid precursor cells in the bone marrow. Similar to normal lymphopoiesis, the in vitro culture of CALL blasts is hampered by the fact that the culture conditions and stimulatory factors required for the proliferation of the leukemic cells are poorly defined. Recently, we and others have shown that IL-3 and IL-7 have proliferative effects in only a minority of ALL case^.^^.^^ Furthermore, the supportive role of stromal cells for the growth of human leukemic lymphoblasts has been demonstrated by the prolonged survival of B-lineage ALL blast cells in SCID miceZs and on mouse stromal cell lines. 29 We therefore investigated the effects of IL-3, IL-7, IL-1, and IL-6 in conjunction with bone marrow-derived fibroblasts (Fb) and blood-derived M+ on survival, proliferation, and maturation of purified cALL blasts in suspension culture. We show that accessory cells support survival and clonal proliferation of CALL blasts in vitro without evidence of induced lymphoid maturation, and we demonstrate a modulation of these effects by IL-3 and IL-7.
MATERIALS AND METHODS
Diagnosis of CALL was based on morphological, cytochemical, and immunophenotypic analysis corresponding to the criteria of the German multicenter ALL studies for adultsw
In particular, HLA-DR+ICDlO+/CD19+/sIg-samples were classified as CALL.^^ Table 1 presents the patients' characteristics.
Bone marrow aspirates (n = 3) and peripheral blood samples (n = 6) were collected before chemotherapy after obtaining informed consent. Mononuclear cells (MNC) were isolated by Ficoll-Hypaque density centrifugation (Biochrom, Berlin, Germany) and cryopreserved in liquid nitrogen. Cases 2, 4, and 8 had been analyzed in a previous studyx and were selected because of the lack of a proliferative response when stimulated by IL-7 or IL-3 alone. A Philadelphia-translocation [t(9;22) (q34;qll)l was demonstrated in three patients (no. 6, 7 , and 8) by cytogenetic and/or molecular genetic analysis.
Peripheral blood monocytes (Mo) were cultured on hydrophobic teflon foils and induced to mature to M$ as described in detail elsewhere.32 Briefly, MNC were isolated by Ficoll-Hypaque density centrifugation from bu@ coat cells of healthy blood donors, resuspended in RPMI 1640 (GIBCO, Paisley, UK) with 10% fetal calf serum (FCS; Hyclone Laboratories, Logan, UT) and incubated in plastic dishes (Greiner, Niirtingen, Germany) for 1 hour at 37"C, after which nonadherent cells were removed and remaining adherent cells incubated overnight at 37°C in RPMI/lO% FCS. Subsequently, the medium was replaced by phosphate-buffered saline (PBS; Biochrom) and the plates were transferred to 4°C for 1 hour. After discarding the medium and an additional 1-hour incubation of the adherent cell fraction in PBS at 4"C, Mo were recovered by gentle pipetting and cell scraping. Thereafter, cells were treated by complement lysis against CD4 and CD8 as described26 using OKT4 and OKT8 hybridoma supernatants supplemented by purified OKT4 and OKT8 monoclonal antibodies (MoAbs; Ortho Diagnostic Systems, Raritan, NJ). T-cell-depleted Mo were suspended in RPMI with 15% human AB serum supplemented with 1% glutamine (GIBCO), 1% minimal essential medium (MEM) nonessential amino acids (GIBCO), 1 mmol/L MEM sodium pyruvate (GIBCO), 0.4% MEM vitamins (GIBCO), 0.5% penicillin/streptomycin (104U/ mL, Biochrom), and 5 x mol/L 2-mercaptoethanol (Sigma, Miinchen, Germany) and cultured in hydrophobic teflon foil bags (Biofolie 25; Heraeus, Hanau, Germany)32 at 37°C in a fully humidified atmosphere of 5% C02 in air. After 7 days of culture, the mature, Mo-derived M+ were irradiated with 20 Gy using a gammatron (%o), before the coculture with the leukemic blasts.
Bone marrow Fb derived from bone marrow MNC of hematologically normal donors were cultured in RPMI with 10% FCS and used after three to five passages. For cocultures with CALL blasts, confluent Fb were trypsinized and 2.5 X lo4 Fb/well was plated in 24-well plates (Costar, Cambridge, MA) and irradiated with 20 Gy after reaching confluence.
Accessory cells were identified by morphologic criteria and by their immunophenotype using a panel of MoAbs against lymphocyte-and M+-related antigens, including Leu-1, -2, -3, -4 (CD5, CD8, CD4, and CD3, respectively), Leu-16 (CD20), Leu-M1 (CD15), and Leu-M3 (CD14) (Becton Dickinson, Sunnyvale, CA), Mac387 (L1 antigen, unclustered), 33 Recombinant human IL-7 (rhIL-7) was cloned and purified as previously described.36 The material was expressed in yeast and had a specific activity of 200,000 U/mL as defined by a murine pre-B-cell proliferation assay.I0 rhIW (specific activity, 1.25 x lo7 U/mg) was kindly provided by Dr D. Krumwieh (Behringwerke, Marburg, Germany). rhIL-lp (activity, lo9 U/mg) and rhIL-6 (activity, 3 x 108 U/mg) were generous gifts of Dr L. Souza, (Amgen, Thousand Oaks, CA).
After 7 days of liquid culture, cells were resuspended, transferred in quadruplicate aliquots to 96-well plates (Nunc, Roskilde, Denmark; 175 pL/well) and pulsed for 4 hours with 1 pCi tritiated thymidine (3H-TdR) per well (Amersham, Braunschweig, Germany). Cells were harvested and the incorporated radioactivity was measured in a liquid scintillation counter (Packard, Downers Grove, IL) as described previously.26 Stimulation indices (SI) were calculated as cpm sample/cpm control.
Cocultures of cells from cases 5 and 8 on Fb monolayers were analyzed with modifications to discriminate between thymidine incorporation into nonadherent and adherent cell populations: samples were pulsed with 8.5 pCi 3H-TdR/welI for 4 hours before their removal from 24-well plates, resuspended, and nonadherent cells then transferred to 96-well plates (sextuple values, 225 p,L/well) and harvested immediately. To determine the thymidine incorporation into the remaining adherent cells, specimens were washed twice with PBS (37°C) and trypsinized for 5 minutes at 37°C. After adding PBS to a final volume of 800 pL, cells were well resuspended, transferred to 96-well plates (quadruplicate values, 175 pL/well), and harvested. The cpm data correspond to the mean 3H-TdR incorporation by 12% of the nonadherent and by 22% of all adherent cells, respectively.
To discriminate between thymidine uptake into cytoplasmic pools and incorporation into DNA, leukemic cells were irradiated before culture in four experiments (no. 5, 7,8, and 9). Preirradiation resulted in the reduction of thymidine uptake to near background levels.
Indirect and direct two-color immunofluorescence analysis of cells before and after 7-day suspension culture was performed by flow cytometry (FACStar or FACScan; Becton Dickinson) with an argon laser using a Consort 30 program. For direct immunofluorescence, cells were incubated with 20 p,L of Cell separation and culture of CALL blasts.
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For personal use only. on October 30, 2017. by guest www.bloodjournal.org From fluorescein isothiocyanate (FITC)-or phycoerythrin (PE)-conjugated MoAb for 30 minutes on ice and then washed twice in 4°C PBS plus 1% heat-inactivated AB-serum (AB-serum was omitted for analysis of sIg light chain) plus 0.01% NaN3. For indirect immunofluorescence, cells were incubated with an MoAb for 30 minutes on ice, washed as described, and incubated with 20 pL goat anti-mouse F(ab')z antibody (GAM-Ab, FITC-or PE-labeled, see below). Double staining of CD10/CD34 was performed as described previously.% Nonspecific, isotype identical mouse antibodies (FITC/PE) and the GAM-Ab were used as controls. Labeling and analysis was performed at 4°C.
The following antibodies against surface-bound antigens were used (Becton Dickinson, unless otherwise noted): CALLA (CD10, FITC), Leu-12 (CD19, FITC, and PE), Leu-16 (CD20, PE), anti-lc (FITC), anti-A (PE), HLA-DR (PE), Leu-4 (CD3, FITC), Leu3a (CD4, FITC), Leu-2a (CD8, PE), Leu-9 (CD7, FITC), anti-HPCA 1 (CD34), Leu-M9 (CD33, PE), Leu-M3 (CD14, FITC), MY7 (CD13, PE, Coulter Clone, Hialeah, FL), MsIgG (FITC and PE), MsIgG RDI (PE, Coulter), and GAM-IgG (PE, Medac, Hamburg, Germany). FITC-conjugated anti-CD34 8G1Z3' was a generous gift of Dr P. Lansdorp (Terry Fox Laboratories, Vancouver, Canada).
Analysis gates were defined by incubating one specimen of each sample with Leu-12 and propidium iodide (PI) to assess viability (by excluding PI+ cells) corresponding to CD19 expression and light scatter characteristics.26 Cases where the cell population to be analyzed (requirement, viability 2 75%) represented less than 10 of all events were excluded from further evaluation (no. 1 Fb, no. 2 M+/Fb, no. 3,5, and 6 without accessory cells).
High-molecular weight DNA was prepared from cryopreserved cells before and after culture as described? Up to 10 kg of DNA was digested with appropriate restriction enzymes, electrophoresed on a 0.7% agarose gel, blotted onto nylon membrane, and hybridized as described.39 To demonstrate Ig gene rearrangements, EcoRI and Hind111 digests were hybridized to a 2.4-kb Sau3a JH probe, and BamHI and HindIII digests to a 1.3-kb EcoRI Cp, as well as c k probe.@ EcoRI-, BamHI-, and HindIII-digested DNA was hybridized to a TCRp probe41 and to a TCRy probe (1.0-kb Pst I-EcoRI fragment) hybridizing to both Jyl and Jyl segments,"l while HindIII and Bgl I1 digests were hybridized to TCRG probe J G s~~.~~ Probes were kindly provided by Drs T. Boehm, T.H. Rabbitts, P. Leder, and J. van Dongen. After hybridization, the filters were washed under stringent conditions and exposed to XAR-5 film (Kodak, Rochester, NY) using intensifying screens for 12 to 72 hours at -70°C.
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RESULTS
Characterization of accessory cells. Morphological and immunophenotypic analysis of mature M+ and Fb populations before coculture experiments showed greater than 98% and 97% purity, respectively. M+ harvested after in vitro maturation showed both the morphology and the antigen expression of mature M+, with strong positivity for CD14 and CD68 and reduced staining for CD15 and L1 as compared with Mo before in vitro maturation. Remaining cells in the M+ cultures were predominantly small lymphocytes expressing CD3 and CD4 and to a lesser extent CD8; CD20+ B cells were scarce. The Fb cultures contained approximately 97% Fb characterized by their typical morphologic appearance and their strong expression of vimentin. In these cultures, some macrophages and rare lymphocytes were also present.
Proliferative effects. As shown in Fig 1, the total number of viable cells decreased markedly during 7-day culture (Tables 2 and 3 ).
However, IL-3 + IL-7 + IL-1 + IL-6 in combination acted synergistically in cases 1 and 3, with a maximal SI of 35.8 (no. 1). In the absence of exogenous cytokines, cocultures of CALL blasts with Fb resulted in a mean 11.2-fold (range, 1.5-to 37.5-fold) increase of 3H-TdR incorporation compared with culture of blast cells alone. This Fb-induced DNA synthesis was further enhanced by IL-3 (mean, 1.5-fold; 2 1.5-fold in cases 1, 6, and 9) and by IL-7 (mean, 1.9-fold; 21.5-fold in cases 2, 4, and 8 in particular), whereas additional stimulation by IL-1 and IL-6 alone occurred in only one of six (no. 4) and in two of five patients (no. 2 and 4), respectively. The addition of IL-3, IL-7, IL-1, and IL-6 in combination to cocultures of CALL blasts and irradiated Fb resulted in a mean 5.7-fold increase of 3H-TdR uptake (maximal increase, 21.8-fold, case 6) when compared with cultures with Fb alone (no. 6). In contrast, only mild additional stimulation was observed in cases 7 through 9. Comparison of thymidine uptake into nonadherent cells and those adherent to the Fb layers in two cases (no. Zmmunophenotypic analysis. To examine the survival of CALL blasts and the phenotype of the cultured cells, all samples were analyzed by four-parameter flow cytometry using a panel of MoAbs before and after culture incorporating IL-3 + IL-7 + IL-1 + IL-6 as stimulus in the presence or absence of accessory cells. After culture, analysis gates were set according to the light scatter properties of PI-, ie, viable cells, resulting in gates with intermediate to high forward-light scatter (FSC) and low-sideward scatter channels (SSC) (Fig 2) . Since expression of CD19 on PI+, ie, nonviable cells, was never observed in this and a former study,26 we assessed CDlO/CD19 double-positive cells to study the supportive role of accessory cells on the survival of CALL blasts. As shown in Fig 2, cells correspond- ing to the initial CDlO+/CD19+ population of case 4 were detectable after 7-day coculture with M+ in an analysis gate with high FSC channels. Extension of the gate setting to lower FSC channels resulted in the detection of either CDlO-/CD19-or nonviable PI+ cells. In the absence of accessory cells, cultures of sample 4 contained essentially no viable cells on day 7 of culture. Similar results were obtained with samples 3, 6, 7, and 8, with M4 and Fb supporting survival of CALL blasts as compared with cultures without accessory cells (Fig 3, Table 4 ). Immunophenotype of CALL samples after culture.
indicated by Southern blot analysis (see below). A nearly identical immunophenotype before and after culture with expression of CD19, CD10, and CD34 was found in cases 4, 8, and 9 (Fig 3, Table 4) ; no antigens other than those expressed by B-lymphoid cells were detectable in cases 8 and 9. There was no marked difference in the immunophenotype after coculture with either Fb or M4; only in case 6 (Ph+) was the percentage of CD10/CD34 and CDlO/CD19 double-positive cells higher in the M+ than in the Fb condition. There was no evidence of lymphoid maturation as defined by surface expression of CD20 or Ig light chains under any of the different culture conditions (Table 4) .
Immunogenotype analyses were performed to identify specific molecular genetic markers characterizing individual leukemic cell clones and to monitor these clones during liquid culture. The configuration of Ig and T-cell receptor (TCR) loci of eight leukemias (no. 2 through 9) at diagnosis is given in Table 5 . Based on these data, constellations in which a biallelic recombination had occurred were preferably used for further analysis to estimate the stimulation of nonclonal cell populations through the appearance of respective germline fragments (Fig 4, no. 2 through 5, and 7) . In three specimens, rearrangements at various Ig and TCR loci affected only one allele or resulted in biallelic deletions of the loci (Fig 4,  no. 6,8, and 9) .
Following cytokine stimulation in the absence or presence of accessory cells, Southern blot analysis showed a predominance of the leukemic clone in all samples studied (Fig 4) . Concurrent proliferation of nonclonal cell populations as indicated by an intensification of the autoradiographic signal representing the germline fragment was convincingly established in three cases (Fig 4A and B, no. 3 , 4, and 5) and to a lesser degree in two cases (Fig 4A and C, no. 2 and 6). However, semiquantitative analysis indicated that in all of these samples nonclonal cells represented at the most 30% of the cell populations analyzed. In three cases (no. 7, 8, and 9), the hybridization patterns obtained before and after culture were virtually identical, suggesting an almost exclusive proliferation of neoplastic cells. The proportion of leukemic cells obtained after different culture conditions did not vary intraindividually.
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DISCUSSION
To investigate the role of accessory cells in stimulation of leukemic cell growth, we examined the capacity of homogeneous populations of normal diploid Fb and of mature M+ in conjunction with the cytokines IL-3, IL-7, IL-1, and IL-6 to support survival, proliferation, and maturation of CALL blast cells. In 7-day suspension cultures devoid of accessory cells, IL-3 proved to be a more potent proliferative stimulus than IL-7, IL-1, or IL-6, resulting in a substantial elevation of thymidine incorporation above unstimulated controls in three of nine cases. The proportion of CALL stimulated by single cytokines may have been underestimated due to the inclusion of three samples known to be unresponsive from former experiments. However, our data are generally in agreement with results of previous studies showing IL-3- leukemic B-lymphopoie~is,4-~~ we were interested whether normal bone marrow Fb and mature M4 derived from normal peripheral blood MO could support in vitro growth of blast cells in CALL. Both Fb and M+ induced DNA synthesis, even in those samples not responsive to cytokines alone or in combination. While a stimulatory effect of M+ was observed in the absence of cell-cell interactions in all but two cases, physical contact between M+ and leukemic cells consistently was a superior stimulus, indicating that both stromal cell-derived soluble factors and cell surface molecules, eg, i n t e g r i n~, 4~,~~ are involved in CALL blast cell proliferation. The lower degree of stimulation by Fb as compared with M+ apparently cannot be attributed to adherence of DNA-synthesizing cells to the Fb feeder layer, as 3H-TdR incorporation in the adherent as compared with the nonadherent cell fraction was shown to be minor in Exclusive proliferation of the leukemic clone, defined by a constant pattern of Ig or TCR gene rearrangements before and after culture, was observed in three cases (no. 7, 8, and 9), while additional generation of nonleukemic cells occurred in five samples (no. 2 through 6). Although in the latter cases an unequivocal definition of the DNAsynthesizing cells was impossible, the new expression of myelomonocytic antigens suggests proliferation of normal myelomonocytic cells during liquid culture. In contrast, new expression of CD33 and CD13 in the Ph+ case (no. 7) , which was characterized by monoclonal Ig gene rearrangement, indicates induction of myelomonocytic antigens on Ph+ B-lymphoid cells. However, in the second Ph+ case, no myelomonocytic antigens were found, indicating further heterogeneity. Carry-over of adherent cells is unlikely to explain the presence of nonleukemic cells after culture, since neither Fb nor M+ expressed CD33 in control experiments, and Fb layers were always intact morphologically after the harvest procedure. Taken together, these data suggest a proliferation-inducing effect of Fb and, to an even higher degree, of M+ in a subset of CALL blasts in vitro.
The supportive effects of Fb and M+ as observed in our study correspond to the data of ALL maintenance on murine stromal cell linesZ9 and of B-lineage ALL growth in SCID mice?0 Furthermore, they are in accordance with the data on proliferation-inducing effects of M$ on murine B-cell precursorsz2 and with the findings on maturation stage-related dependency of pro-B-cell clones or B-cell precursors not only on IL-7, but also on stromal cells."J4-19+52 In conjunction with our results that only CD34+, ie, relatively "immature" cALL blasts, proliferate during coculture with Fb or M+ and stimulation by IL-3 or IL-7, these data indicate that proliferative processes at both the normal and the leukemic pre-B cell stage are under the complex control of different stromal cell molecules. The nature of these molecules, which might include stem cell factor or kit ligand, which may synergize with IL-7,53
remains to be defined.
